Thioredoxin (Trx) and GSH are the major thiol antioxidants protecting cells from oxidative stress-induced cytotoxicity. Redox states of Trx and GSH have been used as indicators of oxidative stress. Accumulating studies suggest that Trx and GSH redox systems regulate cell signaling and metabolic pathways differently and independently during diverse stressful conditions. In the current study, we used a mass spectrometry-based redox proteomics approach to test responses of the cysteine (Cys) proteome to selective disruption of the Trx-and GSH-dependent systems. Auranofin (ARF) was used to inhibit Trx reductase without detectable oxidation of the GSH/GSSG couple, and buthionine sulfoximine (BSO) was used to deplete GSH without detectable oxidation of Trx1. Results for 606 Cys-containing peptides (peptidyl Cys) showed that 36% were oxidized more than 1.3-fold by ARF, whereas BSO-induced oxidation of peptidyl Cys was only 10%. Mean fold oxidation of these peptides was also higher by ARF than BSO treatment. Analysis of potential functional pathways showed that ARF oxidized peptides associated with glycolysis, cytoskeleton remodeling, translation and cell adhesion. Of 60 peptidyl Cys oxidized due to depletion of GSH, 41 were also oxidized by ARF and included proteins of translation and cell adhesion but not glycolysis or cytoskeletal remodeling. Studies to test functional correlates showed that pyruvate kinase activity and lactate levels were decreased with ARF but not BSO, confirming the effects on glycolysis-associated proteins are sensitive to oxidation by ARF. These data show that the Trx system regulates a broader range of proteins than the GSH system, support distinct function of Trx and GSH in cellular redox control, and show for the first time in mammalian cells selective targeting peptidyl Cys and biological pathways due to deficient function of the Trx system. Molecular & Cellular Proteomics 12: 10.1074/  mcp.M113.030437, 3285-3296, 2013. 
Oxidative stress is associated with numerous human diseases and results from alteration in cellular redox systems (1) (2) (3) . Cellular redox mechanisms and signaling are controlled by two major thiol antioxidants, thioredoxin (Trx) 1 and glutathione (GSH). The Trx system, composed of Trx, Trx reductase (TrxR), Trx peroxidase/peroxiredoxin (Prx), and NADPH, has a wide range of cellular activities in redox control, cell proliferation, growth and survival, regulation of transcription, and cell morphology and structure (4 -6) . The Trx family includes evolutionary conserved proteins that contain two catalytically active cysteine (Cys) residues that can reduce disulfide bonds of numerous target proteins in the Cys proteome, e.g. apoptosis signaling kinase-1 (ASK-1), Trx1-interacting protein (Txnip), transcription factors, and actin. In addition to catalytic activity, Trx binds to target proteins and further controls protein activity and biological function. For example, ASK-1 binds to Trx in physiologic conditions; however, under stressful conditions, it is dissociated from Trx, which then stimulates apoptotic signaling leading to cell death (7) . The diverse functions of Trx suggest a nonspecific nature to its function, yet kinetic studies also show differences in activities with different substrates (8 -10) , implying that an underlying redox organizational structure of the Trx-dependent Cys proteome could exist. The GSH redox system likewise plays a key role in maintaining reduced cellular redox state and regulates multiple signaling pathways by protecting cells from oxidative stress. The GSH system is dependent on NADPH and consists of GSH, GSSG reductase, and glutaredoxins. This system differs from Trx in that GSH can be present at up to 10 mM whereas Trx is about 1 M in cells. Genetic studies of yeast show that the GSH system protects against acute but not chronic oxidative stress (11) , suggesting that an underlying redox organization of the GSH-dependent Cys proteome could also exist. Studies in mammalian cells show that maintenance of GSH is essential, e.g. for prevention of protein aggregation in the lens, protection against apoptosis, support of cell prolif-eration and survival signaling, differentiation, and protection against genomic arrangement (12, 13) . Redox interactions of GSH with protein Cys are catalyzed by glutaredoxins, and glutathionylation/deglutathionylation of actin is known to occur under physiologic conditions (14) . Direct chemical reactions of GSH with some peptidyl Cys may also be important because the concentration of GSH can be four orders of magnitude greater than Trx. Together with previous evidence that the GSH and Trx redox systems are controlled independently in mammalian cells, these lines of evidence suggest that the function of the GSH system could differ from Trx in the redox organizational structure controlling the Cys proteome in mammalian cells.
Previous studies show genetic manipulations of Trx and GSH systems in yeast have distinct functions in controlling the redox proteome (15) . Mammalian cell studies show that Trx-and GSH-dependent systems have overlapping antioxidant functions under toxicologic and pathologic conditions (16, 17) . During the past several years we have found that under diverse conditions of differentiation, nutritional limitation and metal ion toxicity in mammalian cells, these major thiol and disulfide redox control systems are maintained with distinct redox potentials and respond in a semiautonomous manner (18 -21) . The latter results are consistent with an accumulating literature that, in addition to functions during toxicologic stresses, the Trx and GSH systems function constitutively in the dynamic regulation of cells (4 -6, 12, 13) . To test the hypothesis that Trx and GSH systems regulate distinct protein targets in the absence of toxicologic challenge, such as ones commonly used in oxidative stress research, we employed selective inhibition of the Trx and GSH systems in cell culture without added oxidants. We then analyzed effects of the selective inhibition of Trx and GSH systems on oxidation of peptidyl Cys using a mass spectrometry-based redox proteomics method.
We used auranofin (ARF; 2,3,4,6-tetra-O-acetyl-1-thio-␤-D-glucopyranosato-S-gold) and BSO (L-buthionine-[S,R]sulfoximine) to selectively inhibit Trx and GSH systems, respectively. ARF and aurothioglucose [ATG; gold (I)(2S, 3S,4R,5S)-3,4,5-trihydroxy-6-(hydroxymethyl)-oxane-2-thiolate] are gold-containing compounds that inhibit catalytic activity of TrxR, are used to treat rheumatoid arthritis (22) , and show potential as anticancer and antiparasitic drugs (23) . TrxR maintains reduced Trx and is important in controlling apoptosis (24) . Cox et al. showed that ARF-induced apoptosis in Jurkat T-lymphoma cells was associated with oxidation of mitochondrial Prx 3 (25) and a recent study also showed ARF caused Trx oxidation (25) , showing that ARF-induced inhibition of TrxR disrupts the Trx/TrxR redox system. Similarly, BSO, a well-known inhibitor of ␥-glutamylcysteine synthetase (␥-GCS) is a widely used tool to lower GSH (26) and disrupt the GSH redox system. A recent study using cultured organogenesis-stage rat conceptuses showed that BSO treatment at 1 mM resulted in oxidation of many embryonic protein thiols and affected protein concentrations supporting the observation that altered GSH redox state was of sufficient magnitude to alter the cellular redox proteome (27) . In addition, depletion of cellular GSH with BSO pretreatment affects a broad range of cellular mechanisms such as cell proliferation, but most notably sensitizes cells to chemical-induced toxicity.
In the current study, we selected human colon carcinoma HT29 cells because the Trx and GSH systems have been extensively characterized and have different steady states of oxidation under defined cell culture conditions (20, 28, 29) . We performed dose-response studies to obtain concentration of ARF that oxidized Trx1 without oxidation of GSH/GSSG and to obtain concentration of BSO that oxidized GSH/GSSG without oxidation of Trx1. We then employed redox ICAT (Isotope Coded Affinity Tag)-combined mass spectrometry to measure percentage of oxidation of Cys in peptides (29 -31) , and used the associated proteins to map to metabolic pathways using MetaCore (https://portal.genego.com/) pathway analysis tools. The results show that specific peptidyl Cys/ proteins and pathways are selectively regulated by the Trx and GSH systems.
EXPERIMENTAL PROCEDURES
Cell Culture and Treatments-HT29 cells were purchased from American Tissue Culture Collection (Rockville, MD) and cultured in 10-cm plates in DMEM (37°C, 5% CO 2 ) with 10% FBS and antibiotics (penicillin/streptomycin) (20, 29, 32) . Cells with 80 to 90% confluency were washed with Hanks balanced salt solution (HBSS) and treated with ARF, ATG, BSO purchased from Sigma-Aldrich (St. Louis, MO). After initial screening, ARF was selected for inhibition of TrxR, and the conditions for treating cells with ARF and BSO were optimized from the results of dose-response experiments to obtain conditions where each inhibitor did not have significant effect on the other redox system. Exposure times with these inhibitors were selected wherein treated cells did not show morphological change compared with control cells.
Measurements of Trx1 and GSH/GSSG Redox States-To analyze redox forms of Trx1, HT29 cells treated with BSO, ATG, or ARF were washed three times with ice-cold PBS and lysed in G-lysis buffer (6 M guanidine-HCl, 50 mM Tris, pH 8.3, 3 mM EDTA) including 50 mM iodoacetic acid (IAA) (33) . After incubation of lysate at 37°C for 30 min, excess amounts of IAA were removed from lysate by G-25 spin column (GE Healthcare, UK). Lysates were then analyzed to examine Trx1 redox state by native gel electrophoresis, blotting, and probing with antibody specific to Trx1 (AbFrontier, Korea) (33, 34) . Bands corresponding to reduced and oxidized forms of Trx1 were visualized using an Odyssey scanner (LI-COR, Lincoln, NE) and steady-state redox potential (E h , redox state) was calculated by the Nernst equation (E o Trx1 ϭ Ϫ240 mV, pH 7.4) as outlined (33, 35, 36) . To examine GSH redox state, control cells and cells treated with BSO, ATG, or ARF were analyzed for GSH and glutathione disulfide (GSSG) using high performance liquid chromatography (HPLC) with fluorescence detection (37) . Values of GSH and GSSG concentrations were used to calculate the steady-state redox potential for cellular GSH/GSSG (E h GSSG) using the measured concentrations, the Nernst equation, and corresponding E o GSSG (-264 mV, pH 7.4) (36, 37) . Concentrations of GSH and GSSG obtained from HPLC analysis were normalized to the protein concentration of each sample prepared using cultured HT29 cells. Because of the proliferating nature of HT29 cells under normal conditions, GSH (3.8 -4.6 mM) and GSSG (41.7-113.8 M) concentrations and E h GSSG level (-254.0 ϳ Ϫ241.2 mV) measured in HT29 cells at control condition varied slightly by experiments, consistent with previous reports (20, 28, 36) .
Enzyme Activity Assays-TrxR1 activity was measured using purified rat TrxR1 (Cayman Chemical, MI) treated with ARF by following the procedures as described previously (38) . Glycolysis assays were performed by measuring cellular and extracellular pyruvate kinase enzyme activity and lactate levels after treating cells with BSO (100 M, 15 h), ARF (20 M, 2 h), or with no treatment following the protocol provided by manufacturer (Abcam, Cambridge, MA).
Quantification of Cys-containing Protein Peptides (peptidyl Cys) by Redox Proteomic Analysis-Redox ICAT was performed using ICATbased mass spectrometry (29, 32) . This method uses an iodoacetamide-containing reagent that traps thiols under the conditions used in the absence of exogenous oxidants. The reaction is dependent on the efficiency of alkylation relative to oxidation (See Hansen and Winther (39) for a detailed discussion). We have studied this issue extensively for Trxs, Prxs, GSH and other thiol/disulfide couples in different cell types, subcellular compartments and in vivo (see (40 -43) and references therein) and used the following precautions to minimize artifacts: (1) rapid processing, (2) extraction at 0°, (3) storage of samples for mass spectrometry at Ϫ80°, with effort to minimize time to analysis. Importantly, these experiments do not include addition of exogenous oxidants and therefore do not have the same risk of artifact during processing that is present in many studies of oxidative stress. Briefly, cells treated with BSO (100 M, 15 h), ARF (20 M, 2 h), or with no treatment were washed with ice-cold PBS 3 times to remove excess BSO and ARF. Cells were lysed by ice-cold 10% trichloroacetic acid (TCA), and protein precipitate (120 g) was washed with ice-cold acetone, resuspended in 80 l denaturing buffer (50 mM Tris, 0.1% SDS, pH8.5) provided by the manufacturer (AB Sciex, CA), and treated with the biotin-conjugated thiol reagent (Heavy isotopic (H-ICAT)) for 1 h at 37 o C. Protein was then precipitated by 10% TCA for 30 min on ice, pelleted, washed with acetone, and resuspended in 80 l denaturing buffer. Unlabeled disulfides and sulfenic acids in the proteins were then reduced by 1 mM TCEP (tris-(2-carboxyethyl phosphine)) and labeled with another biotin-conjugated thiol reagent (Light isotopic (L-ICAT)) at 37 o C for 1 h. Samples containing both H-and L-ICAT-labeled proteins were digested with trypsin for 18 h, fractionated by cationic exchange using the ICAT cation-exchange cartridge and elution buffer (10 mM potassium phosphate/25% acetonitrile/350 mM KCl, pH 3.0) following the procedures provided by the manufacturer (AB Sciex). To purify biotinylated L-and H-ICAT-labeled peptides, ICAT-avidin cartridge (AB Sciex) and affinity buffer (30% acetonitrile, 0.4% trifluoroacetic acid) were used. Samples including purified H-and L-ICAT-labeled peptides were analyzed by mass spectrometry as described below. ICAT-labeled peptidyl Cys were identified with an H to L ratio as a measure of the reduced/ oxidized state of the protein, expressed as percentage values, and labeled as "% oxidized state." Identified peptides were individually processed to eliminate redundancies, matched to proteins based on amino acid sequences and assigned to be compared between each treatment (control, CR; ARF; BSO). Fold oxidation was calculated by dividing % oxidized state [L-ICAT/(L-ICAT ϩ H-ICAT)] of individual peptidyl Cys from ARF or BSO treatment into % oxidized state of the identical peptidyl Cys from CR. BSO and ARF-increased fold oxidation compared with no treatment (CR) were obtained from three biological replicates for each BSO, ARF, and CR redox ICAT analysis.
Mass Spectrometry-ICAT-labeled Cys peptides were analyzed by reverse-phase liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) (44) . Peptide eluents were monitored in an MS survey scan followed by ten data-dependent MS/MS scans on an LTQ-Orbitrap ion trap mass spectrometer (Thermo Finnigan, San Jose, CA). The LTQ was used to acquire MS/MS spectra (2 m/z isolation width, 35% collision energy, 5000 AGC target, 200 ms maximum ion time). The Orbitrap was used to collect MS scans (300 -1600 m/z, 1,000,000 AGC target, 500 ms maximum ion time, resolution 30,000). All data were converted from .raw files to the .dta format using ExtractMS version 2.0 (Thermo Finnigan, San Jose, CA). The acquired MS/MS spectra were searched against a concatenated target-decoy human RefSeq (release 37 -September 2009 -38108 target proteins) database of the National Center for Biotechnology Information using the SEQUEST Sorcerer algorithm (version 3.11, SAGE-N) (45) . Searching parameters included partially tryptic restriction, parent ion mass tolerance (Ϯ 20 ppm), dynamic modifications of oxidized Met (ϩ15.9949 Da), differential ICAT-modified Cys (ϩ9.0302 Da), and static ICAT modification of Cys (ϩ227.1270 Da). The peptides were classified by charge state and tryptic state (fully and partial) and first filtered by mass accuracy (10 ppm for high-resolution MS), and then dynamically by increasing XCorr and ⌬Cn values to reduce protein false discovery rate to less than 1%, according to the targetdecoy strategy (46, 47) . Parameter settings allowed detection of 100% oxidation and 100% reduction as well as H:L ratios for partially oxidized peptidyl Cys. Protein quantification was performed using an in-house program that quantified paired light and heavy ICAT peptide peaks (48, 49) . Peptide ion peaks from survey scans were first defined by m/z, retention time, peak intensity, and signal-to-noise. Ion peak pairs were matched by predicted mass accuracy (10 ppm) and retention time (50) . The raw data including all peptides are presented in supplemental File S1. Peptide spectra and raw data is available in the Proteomics Identification Database (PRIDE, http://www.ebi.ac.uk/ pride/) (51) .
Determination of ARF in Protein Extracts-To determine whether residual ARF was present in protein pellets, posing a potential interference with H-and L-ICAT labeling efficiency, we analyzed residual ARF in protein extracts by LC/MS. Sample was prepared as above; protein pellets were washed with acetone and resuspended with denaturing buffer (AB Sciex) including proteinase K (Sigma-Aldrich). Quantification of ARF was obtained using HPLC (Thermo Fisher UltiMate 3000, San Jose, CA) coupled to Fourier transform-ion cyclotron MS (Thermo Fisher LTQ-FT). Briefly, extracts and standard solutions of ARF were analyzed via anion exchange chromatography (Hamilton Analytical Inc., Reno, NV; PRP-X110S, 2.1 ϫ 10 cm, 7 m diameter particle size) using a formic acid gradient (0 -0.1% formic acid: acetonitrile, 1:1). The MS was operated in selective ion monitoring (SIM) within the linear ion trap using positive electrospray ionization and the following tune parameters (52): spray voltage of 6 kV, sheath gas of 60, capillary temperature of 275 o C, capillary voltage of 44 V and tube lens of 120 V. Quantification was completed on the most abundant ion specific to ARF, which was determined via full scan monitoring of 85-2000 m/z during direct infusion of 20 M ARF prepared in 1:1 0.1% formic acid/acetonitrile and found to be 993.21 m/z, the parent compound coordinated by two gold atoms and two triethylphosphines and one thioglucopyranose as described by Albert et al. (53) . Absolute quantification of residual ARF was accomplished by comparison of a five-point external calibration curve prepared by serial dilution of ARF (Sigma-Aldrich). No ARF was detectable in the protein pellets with a detection limit of 20 pmol/120 g protein extract based on a signal-to-noise ratio of 3.
Biological Network Analysis by MetaCore-Functional genomic and proteomic networks affected by protein redox state were analyzed using MetaCore (Thomson Reuters; https://portal.genego.com/). Protein peptide redox data of three biological replicates for each treatment with BSO and ARF were converted from H:L ratio to fold oxidation compared with that with no treatment (CR). Peptidyl Cys with fold oxidation value (Ն1.3) were analyzed for pathway maps by MetaCore. Protein/gene ID and fold oxidation value of each peptidyl Cys were loaded into MetaCore (Version 6.13, build 43450). Ranking of relevant integrated pathways was based on hypergeometric p values (54) . Pathway map analysis was specified with a significance level for the false discovery rate (FDR) equal to 0.05.
RESULTS
Baseline Redox Responses-Dose-dependent redox responses of ARF on TrxR1 activity and redox states of Trx1 and GSH are shown in Fig. 1 . As expected, studies with TrxR1 showed that NADPH oxidation to NADP ϩ in the TrxR1 assay was completely inhibited by preincubating purified TrxR1 protein with ARF at 1:1 ratio (20 nM: 20 nM) for 30 min at RT ( Fig  1A top) . Addition of ARF to HT29 cells resulted in significant oxidation of Trx1 in a dose-dependent manner at 2 h as shown by redox Western blotting and calculated E h Trx1 measurements (Fig 1A middle, bottom) (33, 34) . Analysis of GSH, GSSG, and GSH redox potential (37) under the same condition showed that cellular GSH (0, 4. Fig 1B) . These data demonstrate that HT29 cells treated with ARF (20 M, 2 h) provide a condition that results in oxidation of the Trx1 system with minimal effect on the GSH redox system.
Dose-response characteristics of BSO were similarly studied using a 15-h incubation period based on previous studies with HT29 cells (28, 55, 56) . (Fig 2A) . The redox Western analysis showed that Trx1 redox state was not affected by BSO treatment up to 200 M, but was significantly oxidized at 500 M ( Fig 2B) . Cells had a changed appearance at 200 M compared with lower concentrations, suggesting some initial toxicity (data not shown). Based on these analyses, 100 M BSO was selected as an appropriate concentration to examine selective effects of perturbing the GSH redox system with minimal alteration in the Trx1 redox system.
These results were independently verified in conjunction with redox proteomics studies on HT29 cells described be- low. In these studies, we included examination of the effect of ATG (57) on the Trx1 and GSH redox systems, although we did not study effects of ATG on redox proteomics. The results confirmed effects of ARF on Trx1 and showed that the same concentration of ATG had less of an effect on Trx1 oxidation (E h Trx1, CR, Ϫ259 Ϯ 5 mV; ARF, Ϫ215 Ϯ 5 mV: ATG, Ϫ227 Ϯ 3 mV; Fig 3A) . Neither ATG nor ARF affected the cellular GSH redox system, as shown by GSH (None Fig  3B) (37) . Similar to the data shown in Fig. 2 , BSO caused significant decrease of both GSH (1.7 Ϯ 0.2 mM) and GSSG (38.8 Ϯ 7.2 M) Fig 3B) , and substantially oxidized E h GSSG (Ϫ230.2 Ϯ 2.0 mV). Additionally, BSO had no effect on Trx1 redox state ( Fig 3A) .
Effects of Disruption of Trx Redox System and GSH Redox System on the Percentage Oxidation of Peptidyl Cys-
The redox ICAT/MS-based redox proteomics methods enable identification of redox-sensitive peptidyl Cys under different conditions and map these to associated proteins and functional pathways (29, 58) . We applied this approach to identify proteins regulated by Trx and GSH redox systems from three biological replicates of HT29 cells treated with ARF and BSO under the conditions shown in Fig. 3 and summarized in Fig.  4 . Redox ICAT analysis requires that each peptide be de-tected in both the heavy isotope and light isotope form to allow determination of the percentage oxidation. Consequently, some data were missing for individual experiments and thus criteria were set to include peptidyl Cys detected in at least two out of the three experiments. We filtered peptidyl Cys for fold oxidation compared with control (ARF/CR, BSO/ CR), retaining those with values greater than 1.3 (30% more oxidized than CR). The results showed that ARF oxidized 219 peptidyl Cys associated with 181 proteins out of a total of 606 peptidyl Cys associated with 417 proteins (supplemental File S2). BSO oxidized 60 peptidyl Cys associated with 59 proteins out of a total of 594 peptidyl Cys associated with 385 proteins (supplemental File S2). Mean fold oxidation of the 219 peptidyl Cys by ARF and 60 peptidyl Cys by BSO were 3.7 Ϯ 0.4 and 2.3 Ϯ 0.3, respectively ( Fig 4A) . In addition, distribution data of oxidized peptidyl Cys by ARF and BSO showed that TrxR inhibition and Trx1 oxidation was associated with a greater fold oxidation of proteins compared with that by BSO ( Fig 4B) .
To examine whether residual ARF was present in protein extracts used for redox proteomics, cell extracts were treated with proteinase K and analyzed by LC/MS. Results showed that no ARF remained associated with the protein pellet (supplemental File S3, amount of ARF added, 24 nmol/120 g; limit of detection for ARF remaining in protein pellet, 0.02
FIG. 3. Oxidation of Trx1 redox state (E h Trx1) by ARF and oxidation of GSH redox state (E h GSSG) by BSO in HT29 cells under conditions of redox proteomics assay.
To verify results from the dose-response studies under conditions of redox proteomics assay, HT29 cells were treated with 100 M BSO or 20 M ARF and analyzed by redox Western blotting for E h Trx1 (A) and by HPLC analyses for E h GSSG (B). In A, subsets of cells were treated with DTT (5 mM) and H 2 O 2 (2 mM) as the reduced and oxidized controls, respectively. Quantified intensity of oxidized Trx1 (Trx1 Ox1 ) and reduced Trx1 (Trx Red ) bands of each treatment was used for E h Trx1 calculation. Note that a small amount of a hyper-oxidized form of Trx1, termed Trx1 Ox2 , was detected in some of the experiments with ARF. This has been previously shown to represent oxidation of a C62-C69 dithiol present in a surface ␣-helix (33) . E h GSSG was calculated from Nernst equation with GSH and GSSG concentrations obtained from HPLC analysis (B). Aurothioglucose (ATG) was included for comparison. Bar graphs are shown as mean Ϯ S.E. (n ϭ 3) with significance indicated for p Ͻ 0.05.
FIG. 4. Redox ICAT/MS-based redox proteomics defined peptidyl Cys and proteins regulated by Trx, GSH, and Trx/GSH systems.
To determine target proteins regulated by Trx and GSH system, HT29 cells treated with ARF (20 M, 2 h) and BSO (100 M, 15 h) were analyzed for redox ICAT-based mass spectrometry as described in the Experimental Procedures. Of the 606 total peptidyl Cys detected in samples treated with ARF, 219 were oxidized 1.3-fold or higher compared with CR (A). On the other hand, of the 594 total peptidyl Cys detected in samples treated with BSO, 60 peptidyl Cys were oxidized 1.3-fold or higher than CR (A). Distribution of ARF and BSO-induced oxidation of peptidyl Cys were visualized by pie charts (B). C, Of the 219 ARF-oxidized peptidyl Cys, 96 were oxidized by only ARF and 41 were by ARF and BSO. Of the 60 BSO-oxidized peptidyl Cys, 9 were oxidized by only BSO and 41 were by BSO and ARF. nmol/120 g protein), indicating that oxidation artifacts because of residual ARF were unlikely.
To analyze proteins and associated functional pathways regulated by Trx and GSH redox systems, oxidized peptidyl Cys and proteins were separated into three groups (1) oxidized only by ARF, (2) oxidized by both ARF and BSO, and (3) oxidized only by BSO ( Fig 4C) . Of the 219 Peptidyl Cys oxidized by ARF, 96 were oxidized only by ARF and 41 were oxidized by both treatments. This grouping excluded 82 peptidyl Cys for further pathway analysis because these had ARF data but lacked consistent data for BSO treatment (see supplemental File S2, worksheet "82 ND") which precluded categorization into the three groups. Of the 60 oxidized by BSO, nine were oxidized only by BSO, 41 were oxidized by both treatments, and 10 were not categorized because consistent data for ARF treatment were not obtained (see supplemental File S2 worksheet "10 ND"). Because of the relatively large number of peptidyl Cys oxidized by inhibition of the Trx system, we focused on examining the proteins and peptidyl Cys oxidized by ARF. The nine peptidyl Cys oxidized only by BSO treatment were not analyzed further because the number was considered too small for pathway map analysis.
Glycolysis and Gluconeogenesis, and Cytoskeleton Remodeling Pathways are Target Pathways Regulated by the Trx
Redox System-To evaluate functional pathway maps associated with these 96 ARF-oxidized peptidyl Cys, we used MetaCore software (https://portal.genego.com/). Thirty-nine pathways (-log p Ͼ 2.0, p Ͻ 0.01, supplemental File S4) were identified and of the 39 statistically significant pathways, the top ten most significant pathways are shown in Fig. 5 . Of these, three were overlapping pathways linked to glycolysis/ gluconeogenesis (-log p; 6.4 -6.7) and three were overlapping pathways linked to cytoskeleton remodeling (-log p; 4.1-4.9) ( Fig. 5) . A summary of the peptidyl Cys, protein identifications and fold-oxidation values are shown in Table I . Redox proteomics-identified proteins (ALDOA, ENO3, G3P2, MDH2 PGAM1, PKM2) involved in glycolysis and gluconeogenesis pathways (http://pathwaymaps.com/maps/930/) were identified in Meta-Core visualized pathway maps (Fig. 6) . To verify ARF-inhibition of glycolysis, we examined HT29 cells for pyruvate kinase (PK) enzyme activity and lactate amount as measures of glycolysis after ARF (20 M, 2 h) and BSO (100 M, 15 h) treatments. The result shows both PK activity (CR, 18.4 Ϯ 1.7 mU/ml; ARF, 12.6 Ϯ 1.6 mU/ml) and lactate levels (CR, 100 Ϯ 11.9%; ARF, 52.5 Ϯ 1.1%) were significantly decreased by ARF treatment. In contrast, no significant inhibitory effects were observed by BSO on either PK activity (CR, 18.4 Ϯ 1.7 mU/ml; BSO, 16.1 Ϯ 1.4 mU/ml) or lactate level (CR, 100 Ϯ 11.9%; BSO, 70.0 Ϯ 15.8%) although BSO did appear to exhibit a slight inhibition (Fig. 7) .
Insulin Regulation of Translation, Lipid Metabolism and Cell Adhesion Pathway Were Affected by both ARF and BSO
Treatments-Several peptidyl Cys of proteins involved in translation were oxidized by ARF alone (Table I) , but results for proteins oxidized by both ARF and BSO indicated sensitivity to Trx and GSH systems (Table II) . For peptidyl Cys oxidized by both ARF and BSO, pathway maps with most significant changes were obtained for insulin regulation of translation, lipid metabolism, and cell adhesion (Fig. 8) . Peptidyl Cys and respective proteins, and fold oxidation by ARF and BSO compared with control are shown in the Table II . Information on all 41 peptidyl Cys, associated proteins and fold oxidation is provided in Supplemental data (supplemental File S2). DISCUSSION A pharmacological approach based on the use of selective inhibitors together with redox ICAT/MS-based redox proteomics enabled us to test the hypothesis that Trx1 and GSH redox systems selectively control proteins and associated functional pathways in a mammalian cell line. First, we were able to selectively interrupt the Trx and GSH redox systems as evaluated with redox states of Trx1 and GSH in response to concentration-dependent ARF and BSO treatments. Cells exposed to 20 M ARF for 2 h and 100 M BSO for 15 h showed selective oxidation in Trx1 and GSH, respectively, without significantly affecting the other redox system. Consequently, we identified potential target proteins and functional pathways responding to altered Trx1 and GSH redox systems using redox proteomics under these conditions. The differences in time courses of ARF and BSO and variability in detection of the C 62 -C 69 disulfide form of Trx1 with ARF (Trx1 Ox2 , Fig. 3 ) leave open the possibility that indirect effects on protein oxidation could be present. The short time frame for ARF treatment suggests that changes in protein abundance are unlikely to impact conclusions. On the other hand, TrxR can reduce proteins other than Trx1 (4, 59, 60), so that the observed effects may not be limited to the Trx system. The longer time frame for BSO treatment could allow changes because of transcriptional activation as shown previously by Harris et al. (27) . Although this response was not evaluated in the present study, the redox-ICAT method used to measure percent oxidation is not subject to error because of changes in protein abundance (29) .
The present data show that peptidyl Cys associated with proteins of glycolysis and gluconeogenesis pathways are selectively oxidized by ARF. This could be important in conditions of energy limitation, such as can occur during development and tissue repair (61, 62) , where oxidation could impair development or tissue repair and recovery. Conversely, enhanced dependence on glycolytic energy metabolism occurs in cancer, a characteristic previously developed as a therapeutic approach for cancer treatment (63) . ARF-dependent inhibition of glycolysis in human neutrophils has been previously shown (64) , and Le Moan showed that proteins of glycolysis were sensitized to oxidation by H 2 O 2 in yeast with mutations in either the Trx or GSH system (15) . Of the 66 proteins and metabolites in the MetaCore human glycolytic/ gluconeogenic pathways (http://pathwaymaps.com/maps/ 930/), 7 were matched in the present study, including aldolase, enolase, glyceraldehyde 3-phosphate dehydrogenase (G3P2), lactate dehydrogenase, malate dehydrogenase, pyruvate kinase isozyme (PKM2), and phosphoglycerate mutase. From our redox ICAT data, we discovered that Cys 358 residue of PKM2 was oxidized by ARF treatment (2.2 fold). To confirm a functional relationship, we measured PK enzyme activity and found this to be inhibited by ARF treatment. Oxidation of Cys 358 of PKM2 was previously found to result in inhibition of enzymatic activity (65); therefore, our finding of ARF-induced inhibition of PK activity and oxidation of Cys 358 of PK are consistent with this previous study. Additionally, our finding of increased oxidation in Cys 247 of glyceraldehyde 3-phosphate dehydrogenase (G3P2, 2.3-fold) mediated by ARF is also interesting because modification of this residue is also correlated with decreased enzyme activity (66) . Collectively, these findings indicate that the Trx redox system plays an important role in glycolysis by regulating redox states of Cys residues of proteins involved in the glycolytic enzymatic pathways. Interestingly, several other Cys residues of these glycolysis enzymes found to be oxidized by ARF are also S-nitrosylated by a Trx1 transnitrosylation mechanism (67), e.g. Cys 247 of G3P2, Cys 163 of LDHA, and Cys 358 of PKM2 and these Cys modifications appear to be determined by the redox state of Trx1 (68) . Taken in concert with the result of studies conducted on yeast and human neutrophils, these data show a central role for redox control in defined peptidyl Cys of multiple proteins in the glycolysis pathway. These results are consistent with previous evidence that the Cys proteome exists in functional redox modules in which multiple proteins within functional networks have evolved sim-FIG. 6. Inhibition of glycolysis and gluconeogenesis pathway by ARF. Of the top 10 most significant pathways identified by MetaCore analysis (Fig. 5 ), glycolysis and gluconeogenesis pathway maps are shown. Pathway map details are provided in the link, http://pathwaymaps. com/maps/930/. Of the 66 enzymes and molecules involved in these pathways, seven (indicated with circle, ALDOA, ENO3, G3P2, LDHA, MDH2, PGAM1, PKM2) were significantly oxidized by ARF (see Table I also) . ilar redox dependences to coordinate activities in response to physiologic and toxicologic challenge (29, 69) .
The data presented herein are also consistent with previous evidence that proteins of the actin-cytoskeletal system exist as a functional redox module (29, 58) . Substantial evidence indicates that the thiol redox state of the cell, reflected in part by the thiol content of the filamentous actin cytoskeleton, impacts cytoskeletal structure and remodeling (70, 71) . In our work, eight peptidyl Cys of actin cytoskeleton-associated proteins (␣-actinin, cofilin, filamin A, myosin light chain, plec-tin1, RhoA, RhoC, tubulin-␣) were oxidized by ARF treatment. As shown by previous studies, Trx1 (72, 73) and TrxR1 (4) interact with actin via a thiol redox-dependent mechanism. The interaction between Trx/TrxR and actin cytoskeleton appears to be critical in multiple mammalian cell functions by controlling mechanisms for actin dynamics and cytoskeleton remodeling; in epithelial cells, such as HT29, such activities are important in the cell cycle, responses to stress and maintenance of barrier functions.
The mammalian systems appear to especially differ from yeast in the presence of significant numbers of proteins and pathways sensitive to both Trx and GSH redox systems, as determined by their sensitivity to oxidation by either inhibitor. Based on significance and availability of relevant literature, we briefly discuss pathway results for translation, lipid metabolism, proteolysis, and cell adhesion.
Redox control of translation initiation and elongation has been previously shown in plant and eukaryotic cell studies (74 -77) . The redox state of translational elongation factor in cyanobacterium Synechocystis, and elongation factor G (EF-G) plays an important role in regulation of translation (74) . Oxidation-attributed disulfide bond formation of critical Cys residues results in inactivation of EF-G; however, when the disulfide bond is reduced by Trx, it results in reactivation of translational machinery, suggesting that the translation mechanism is regulated by Trx system by the redox state of EF-G (74) . In addition, a number of previous studies have shown that protein synthesis is regulated by redox-dependent activation and inactivation of translational machinery involving interaction of elongation and initiation factors with Trx (75, 76, 78) . Consistent with these previous studies, our data show that several translational elongation and initiation factors and other proteins responsible for protein synthesis are oxidized by ARF-induced Trx/TrxR redox disruption (see Table I and II). In addition to Trx redox-dependent control of translation, several studies also show GSH redox-dependent regulation for translation (77, 79, 80) . Koonin et al. identified that eEF-1␥ contains a GSH transferase (GST) domain (79) . Their finding showed the potential GST activity of eEF-1␥ and the possibility that GSH redox regulates assembly of multiple EF complex and aminoacyl tRNA synthesis. More evidence for GSH redox system-dependent regulation of translational machinery was shown by glutathionylation of EF, eEF-1␣, and eEF2 (35, 81) . In the present study, we show that Cys 466 of eEF-2, Cys 62 of PP1 and Cys 12 of RPS6 were oxidized by ARF and BSO treatment. This suggests that redox states of these peptidyl Cys responsible for protein translation are sensitive to general alterations in cellular redox status, regulated by the Trx redox system as well as the GSH redox system. Together, these data provide evidence for a functional redox module associated with translation that has the important character of being dependent on both the Trx and GSH systems and representing a mechanism to integrate biologic systems through redox-sensing cysteine residues (40, 69) .
MetaCore analysis identified cell adhesion pathways including plakloglobin, ␤-catenin, and tubulin as pathways reg- ulated by both the Trx and GSH redox systems. Plakloglobin is highly homologous to ␤-catenin and is found in adherence junctions (82) . Redox regulation of cell surface proteins, including growth factor receptors, transporters, cytokine receptors and integrins, is associated with biologic function (83) . Although Trx-redox regulation of junction proteins, e.g. plakloglobin and ␤-catenin regulating cell-cell adhesion does not appear to be available, GSH-and GSH-redox dependent cell-cell adhesion and cell-matrix adhesion through caveolin/␤-catenin pathway has been previously observed (84) . Other studies show a link between Trx1 and ␤-catenin-related to protein expression (85, 86) but do not appear to have established a redox dependence.
In conjunction with the present findings, these previous studies support a need for detailed studies to test redox-dependence of cell-cell adhesion pathways as possible redox modules regulated by Trx and GSH systems.
In consideration of global redox control system, the present study is perhaps most informative in comparison to the detailed study of oxidized protein thiols in Saccharomyces cerevisiae with two distinct thiol-labeling approaches by Le Moan et al. (15) . They found differences in yeast proteins oxidized by added H 2 O 2 in genetic models with inactivation of Trx and GSH systems, and concluded that Trx and GSH have very distinct thiol redox control systems, with Trx having an exclusive role in H 2 O 2 metabolism and GSH having a presumed thiol redox buffering function. The present study differs from the yeast study in the following ways: (1) using a mammalian cell model, (2) examining redox proteomic changes without exogenously added H 2 O 2 , (3) using selective pharmacologic inhibitors, and (4) using a redox-ICAT method to measure peptidyl Cys oxidation. Despite these substantial differences, the central findings are consistent with their findings in yeast, especially showing similarity in sensitivity of glycolysis to genetic inactivation of Trx in yeast and ARF-dependent oxidation of glycolysis/gluconeogenesis proteins in the HT29 cells, and in emphasizing distinct roles for the Trx and GSH systems in other aspects of thiol redox control.
The present findings further indicate that the Trx and GSH system may have different roles in mammalian cells compared with yeast. In particular, the mammalian cell data show that the GSH system is partially redundant to the Trx system in redox control of translation whereas the yeast data showed no effects of either Trx or GSH mutants on translation machinery in the absence of H 2 O 2 challenge. It should be noted, however, that the coverage of proteins involved in translation was sparse in both cases. Additionally, peptidyl Cys of cytoskeletal proteins were highly sensitive to inhibition of TrxR in HT29 cells but such oxidation was not apparent in the reported yeast data. This difference may only reflect life cycle effects or differences in peptides measured and will require additional study. Finally, peptidyl Cys of proteins associated with cell adhesion were sensitive to disruption of either Trx or GSH systems in the mammalian cells. The appearance of this apparent redox module may reflect a change in the Cys proteome with evolution of multicellular complexity (87) and will require additional study across phylogeny.
In summary, the present study provides an evaluation of the differences in oxidation of protein Cys residues resulting from disrupted Trx or GSH redox systems using cultured HT29 cells. HT29 cells are a colon cancer cell line and this makes it likely that some of the current results may differ from what one might find in non-transformed cells. Although further studies are needed to more fully delineate Trx and/or GSH redox-dependent regulation of individual proteins and their associated pathways, the present study supports the hypothesis that the Trx and GSH systems control target proteins and pathways in a selective rather than a general manner. In addition, the data support the interpretation of Le Moan et al. (15) that the Trx system regulates a wider range of proteins and pathways compared with the GSH system. Finally, this study demonstrates that mass spectrometry-based redox proteomics combined with bioinformatics pathway analysis is suitable to identify multiple proteins, pathways and functional networks as components of complex oxidative mechanisms of toxicity and disease. * This work was supported by NIH grants ES009047 and HL113451.
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